ABSTRACT
INTRODUCTION

20
The increasing use of high-speed video cameras is offering new opportunities as well as 21 challenges for tracking three-dimensional motions of humans and animals, and of their body 22 parts (e. A novel recent approach uses structured light illumination produced by a laser system in 38 combination a high-speed video camera to reconstruct the wing kinematics of a freely flying 39 parrotlet at 3200 frames/second (Deetjen et al., 2017). However, this impressive capability 40 comes at the cost of some complexity, and works best if the bird possesses a highly reflective 41 plumage of a single colour (preferably white).
projected points on the floor are denoted by C, with co-ordinates (XL,YL,0), and D, with co-113 ordinates (XR,YR,0), respectively. 114
The height of the bird above the floor is established by determining the ratio between the known 115 wingspan of the bird (w), and the projection of its wingspan on the floor, which we denote by 116 W. W, which is equal to the distance between points C and D in Figure 2 , is given by 117
= #[( − ) + + ( − ) + ] (1) 118
We denote the ratio (W/w) by Q. 119
From the geometrical similarity of the triangles OCD and OMN, and triangles OEF and ORG, 120
we can write 121
where H is the height of the ceiling (assumed to be known), and u is the distance of the bird 123 below the ceiling. The height h of the bird above the floor, equal to (H-u), is then computed 124 from (2) as 125
h is the height of the two wingtips above the floor. The (x,y) co-ordinates of the left and right 127 wingtips can also be computed from the wingspan ratio Q as follows. 128
From the similarity of triangles ODF and ONG, and OEF and ORG, we have: 129 Thus, the 3D position co-ordinates of the left and right wing tips are (xL,yL,h) and (xR,yR,h). 137
If we assume that the centre of the bird (the approximate position of its centre of gravity) is 138 located midway between the extended wingtips, then the 3D co-ordinates of the centre of the 139 bird (xc,yc,zc) can be computed as 140
However, computing the centre of the bird in this way is valid only at the instants when the 142 wings are fully extended. At other times the wings would be pointing either forward or 143 backward, and this calculation would yield an incorrect result. Another way to define the centre 144 of the bird would be as the centre of its thorax, but the thorax can be difficult to segment and 145 track in the images. In addition, the thorax can execute pitch and roll movements, thus 146 introducing variability in the measurements. During flight, the head is the most stable part of 147 the bird's anatomy-it maintains a horizontal orientation that is largely independent of the pitch 148 and roll attitude of the body (Warrick et al., 2002; Frost, 2009; Bhagavatula, 2011) . It is also a 149 highly visible part of the bird that can be tracked reliably -either manually through frame-by-150 frame digitisation, or by software algorithms that employ relatively simple heuristics. 151
Moreover, the head carries the bird's primary sense organs, including the eyes. Therefore, 152
reconstructing the 3D trajectory of the head can be useful for determining the visual stimuli 153 that the bird experiences during its flight. 154
The 3D position co-ordinates of the head can be calculated for each frame as follows. The pixel 155 co-ordinates of the head are determined in every frame (either through manual digitisation or 156 an automated tracking algorithm). The head pixel co-ordinates are projected on to the floor, 157 using the same interpolation procedure that was applied to the wingtips. We denote the floor 158 co-ordinates of the head by (XH,YH) (not shown in Figure 2) . Then, using the same 159 geometrical reasoning as above, the (x,y) position co-ordinates of the head are given by 160
, and = extensions. This is a reasonable assumption for most birds -typically, the height of flight varies 168 slowly and smoothly across several wing beat cycles. However, the X and Y coordinates of the 169 bird in 3D (xH,yH) are determined independently for each frame of the video sequence, based 170 on the digitised pixel co-ordinates of the head in each frame, and the temporally interpolated 171 height for that frame. Thus, while the height of the head (h) is temporally interpolated between 172 wing extensions, the (X,Y) co-ordinates of the head (xH,yH) are calculated independently for 173 each frame, based on the pixel co-ordinates of the head in that frame. 174
In summary, our method delivers a sample of the bird's height at every frame in which the 175 wings are extended. These samples are interpolated in time to obtain a height profile of the 176 head for the entire video sequence. This height profile is then used in combination with thepixel co-ordinates of the head in each frame to obtain the 3D co-ordinates of the bird for each 178 frame of the video sequence. 179
In Budgerigars, the wings are fully outstretched only once during each wingbeat cycle -roughly 180 halfway through the downstroke, as we have noted above. This is also appears to be the case 181 in pigeons and magpies (Tobalske and Dial, 1996) . It is possible that in certain other species, 182 which move their wings in the same plane during the upstroke and the downstroke, without 183 folding them, there are two Wex frames per wingbeat cycle -one occurring during the upstroke, 184 the other during the downstroke. In such cases we can obtain two height estimates per wingbeat 185 cycle, and therefore reconstruct the height profile at twice the temporal resolution. 186
In the above analysis, we have assumed that the head of the bird is at the same height as that 187 of its extended wingtips. If the head is at a different height -as may be evinced from prior 188 knowledge or from side-view images of bird flight in wind tunnels -this known height offset 189 can be added to the wingtip height to obtain the true height of the head. 190
Procedural steps 191
Based on the theory described above, the step-by-step procedure for reconstructing the 3D 192 trajectory of the head of a bird from a video sequence captured by a single overhead camera Compute the 3D position of the head for each frame from equns (9) and (10). 215
Test of accuracy 216
The precision of the 3D trajectory reconstruction procedure was evaluated by placing a small 217 test target at 44 different, known 3D locations within the tunnel, of which 39 were within the 218 boundary of the grid. The test target was a model bird with a calibrated wingspan of 30 cm. 219
The head was assumed to be midway between the wingtips, and at the same height as the 220 wingtips. This assumption does not affect the generality of the results, as discussed above. The 221 standard deviations of the errors along the x, y and H directions were 2.1 cm (X), 0.6 cm (Y) 222 and 2.6 cm (H). A detailed compilation of the errors is given in Table S1 of the SI. Flights through the tunnel were filmed with the tunnel being either empty (devoid of any 244 obstacles) or carrying a narrow, vertically oriented aperture (a slit) at the halfway point, through 245 which the birds had to fly to get to the other end. To prevent injuries to the birds, the aperture 246 was created by suspending two cloth panels that reached from the ceiling to the floor. Two 247 aperture widths were tested: In one set of tests, the aperture was 5cm wider than the bird's 248 wingspan; in the other set, the aperture was 5cm narrower than the bird's wingspan. It has been 249 conditions. These profiles were constructed using three different procedures, the details of 294 which are described in the legend. The three procedures yield consistent results. The principal 295 observation is that the forward speed is more or less constant throughout the flight and is 296 independent of the flight condition, as observed in Vo et al. (2016) . Interestingly, the 297 interruption of the wing beat cycle during the flight through the narrow aperture does not 298 significantly reduce the forward speed. 299
In the SI (Figures S1-S6) ii) The technique does not need feature correspondences to be determined across video frames 311 from two or more cameras. 312
iii) The grid marker on the floor provides a calibration of the camera geometry and accounts 313 for all of the distortions in the camera optics. There is no need to assume that the camera can 314 be approximated by a pinhole camera, or by any other specific optical geometry. This 315 calibration is a one-off procedure that can be used for the rest of the lifetime of the camera/lens 316 combination, provided the optics are not altered. 317 iv) Once the calibration has been performed, the calibration grid can be removed or covered (if 318 this is necessary to prevent its potential influence on the behaviour of the birds in the 319 experiments). of the bird at each wing extension are parallel to the plane of the calibration grid, as was the 327 case during the original calibration. Thus, in principle, the camera that was calibrated in our 328 experiments using the calibration grid on the floor, can also be used to reconstruct the 329 trajectories of birds in outdoor flight by facing the camera upwards and performing the 330 reconstruction relative to the same calibration grid. Trajectory reconstruction is possible even 331 if a bird is located on the opposite side of the calibration grid -the geometry underlying the 332 reconstruction will be the same, but will involve extrapolation rather than interpolation. 333 vii) Because the method is computationally simple, it can be applied in closed-loop 334 experimental paradigms in which visual stimuli need to be modified in real time in response to 335 the bird's flight, as is now being done with some animals (e.g. Stowers et al., 2017). 336
viii) The system is compact, portable, and easily deployed in the field. 337
The limitations of the method are: 338 i) We have assumed that the wings are fully extended at each extension, and that the tip-to-tip 339 distance at these extensions is always equal to the measured wingspan. Variability in the 340 wingtip distances from extension to extension (which may occur during certain manoeuvres) 341 will introduce errors in the reconstruction of the 3D trajectory. 342
ii) The height estimates are accurate only when the lines joining the extended wingtips are 343 parallel to the calibration plane. This may not be the case when a bird rolls during a tight turn. 344
The pixel distance between the extended wingtips may then be shorter in the camera image, 345 leading to an underestimate of the bird's height (increase in the estimated distance of the bird 346 from the camera). 347
iii) The calibration grid on the floor grid must cover a sufficiently large area to enable 348 Plan views of the reconstructed 3D trajectories for the narrow aperture condition (red), the wide 499 aperture condition (grey) and the no aperture condition (green), for bird Four. In each case, the 500 circles mark the locations of the center of the body (defined as the mid-point of the line 501 connecting the wing tips) at the time of each wing extension, the thick curves show the body 502 trajectory interpolated from the body center positions at these times, the asterisks mark the 503 locations of the head at the times of the wing extensions, and the thin black curve through the 504 asterisks shows the trajectory of the head, reconstructed from the digitized image co-ordinates 505 of the head in each frame as explained in the text. 506
Figure 10 507
Forward speed profile of bird Four during flight through the narrow aperture (top panel), the 508 wide aperture (middle panel), and the empty tunnel (bottom panel). In each case, the black 509 curve shows the speed profile of the head, computed from the frame-to-frame X positions of 510 the head. The black asterisks denote the speeds at the head positions corresponding to the wing 511 extensions, and the red curve and asterisks depict the result of smoothing the speed profile 512 using a 9-point centered rectangular moving average filter. The edges of the grey bars denote 513 the successive X positions of the center of the body at each wing extension, computed as 514 described in the text. The height of each grey bar depicts the mean forward speed of the body 515 between successive wing extensions, computed as the ratio of the X distance between 516 successive edges, to the time interval between these edges. Because the wingbeat kinematics 517 are not perfectly identical from one wingbeat cycle to the next, the spatial relationship between 518 the head and the line joining the wingtips is not exactly the same at the point of each wing 519 extension. As a result, the measured speed of the body (grey bars) can occasionally be 520 noticeably different from that of the head (asterisks): e.g. fourth grey bar (top panel), and fifth 521 grey bar (middle panel). 522
